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The serine integrases have recently emerged as
powerful new chromosome engineering tools in var-
ious organisms and show promise for therapeutic
use in human cells. The serine integrases are struc-
turally and mechanistically unrelated to the bacterio-
phage l integrase but share a similar catalytic
domain with the resolvase/invertase enzymes typi-
fied by the resolvase proteins from transposons
Tn3 and gd. Here we report the crystal structure
and solution properties of the catalytic domain from
bacteriophage TP901-1 integrase. The protein is a di-
mer in solution but crystallizes as a tetramer that is
closely related in overall architecture to structures
of activated gd-resolvase mutants. The ability of the
integrase tetramer to explain biochemical experi-
ments performed in the resolvase and invertase
systems suggests that the TP901 integrase tetramer
represents a unique intermediate on the recombina-
tion pathway that is shared within the serine recom-
binase superfamily.
INTRODUCTION
Site-specific recombinases catalyze DNA rearrangements in
various biological processes, including integration and excision
of viral DNA to and from host genomes, and resolution of chro-
mosome dimers to ensure faithful segregation during cell divi-
sion (Craig et al., 2002; Stark et al., 1992). Most of these enzymes
can be grouped into one of two large families based on sequence
similarity: the serine recombinases (SRs) and the tyrosine re-
combinases (YRs). The SR enzymes cleave their substrates in
a concerted fashion to form transient covalent linkages between
conserved serine residues and 50-phosphates. The 30-hydroxyl
groups generated as a result of DNA cleavage then undergo
intermolecular ligation, resulting in exchange of DNA strands
between the two recombining substrate sites (Grindley et al.,
2006). The YR enzymes cleave with conserved tyrosine residues
to form covalent 30-phophotyrosine linkages and use 50-hydroxyl
groups to carry out the ligation steps. Strand exchange in the YR
family is a stepwise process, where two strands are first
exchanged to form a Holliday junction intermediate, and the
remaining strands are exchanged during resolution of the
intermediate to recombinant products (Grindley et al., 2006).Structure 16, 1275Although the two enzyme families have little in common at the
level of sequence, structure, or mechanism of recombination,
there is considerable overlap with respect to biological
functions.
The best-studied serine recombinases are from a subfamily
related to the resolvase enzymes from the gd- and Tn3-transpo-
sons (Grindley, 2002) and the invertase enzymes from Salmo-
nella sp. and phage m (Johnson, 2002). These proteins share
a two-domain architecture where a conserved catalytic do-
main of 100 residues is connected to a smaller C-terminal
helix-turn-helix DNA-binding domain via a conserved a helix
(Figure 1A). Genetic, biochemical, and structural data support
a subunit rotation model of recombination for the serine recom-
binases (Dhar et al., 2004; Grindley et al., 2006; Li et al., 2005).
In this mechanism, protein subunits covalently bound to cleaved
DNA duplex ends are able to exchange position by isomerization
of subunits within a symmetric recombinase-DNA tetramer
(Figure 1B). For the resolvase and invertase-like enzymes, the
reaction requires a specific topological arrangement of recombi-
nation sequences as well as additional protein(s) bound to aux-
iliary sites in the DNA substrate. These stringent requirements
ensure that only the appropriate type of rearrangement occurs
between recombining sites (Grindley et al., 2006).
Over the past 10 years, a new family of enzymes known as
the large serine recombinases (LSRs) or serine integrases has
received a great deal of attention (Smith and Thorpe, 2002).
The LSRs share a similar catalytic domain with the resolvase/in-
vertase enzymes but have much longer C-terminal sequences
that function at least partially as DNA-binding elements
(Figure 1A). The best studied LSR family members are bacterio-
phage integrases. Examples of systems where bacterial and
phage attachment sites have been identified include the inte-
grase enzymes from Streptomyces bacteriophage fC31 (Thorpe
and Smith, 1998), mycobacteriophage Bxb1 (Kim et al., 2003),
Lactococcus bacteriophage TP901-1 (Breuner et al., 2001),
and the Listeria bacteriophage A118 (Loessner et al., 2000).
The serine integrases carry out recombination between phage
and bacterial attachment sites in a manner that differs dramati-
cally from bacteriophage l integrase, the prototypical member
of the YR family. The l attP site is 230 bp in length, and addi-
tional proteins are required for the integration and excision reac-
tions (Azaro and Landy, 2002). In contrast, the attP and attB sites
for the serine integrases are typically 40–50 bp in length, and in
some systems, the integration reaction can be performed
in vitro with various DNA substrate topologies (Smith and
Thorpe, 2002). The simplicity and minimal requirements of the
serine integrases are reminiscent of the widely used tyrosine–1286, August 6, 2008 ª2008 Elsevier Ltd All rights reserved 1275
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Serine Integrase TetramerFigure 1. Serine Recombinases
(A) Domain organization of serine integrases compared with resolvases/invertases (a refers to a conserved helix connecting the catalytic domain to the CTD).
(B) Subunit rotation mechanism of site-specific recombination for the serine recombinase family. The subunit labels (I–IV) match those used in subsequent struc-
ture figures. (C) Sequence alignment of catalytic domains from selected serine integrases and resolvase/invertase enzymes. Sequences are manually aligned
based on the TP901 integrase catalytic domain structure, with secondary structure elements indicated above the sequence. A118 (Loessner et al., 2000),
fC31 (Thorpe and Smith, 1998), Bxb1 (Kim et al., 2003), and R4 (Matsuura et al., 1996) refer to the names of the bacteriophages whose integrase catalytic
domains are shown. gd and Tn3 are the resolvases for the corresponding transposons (Grindley, 2002), and Hin refers to the invertase enzyme from Salmonella
sp. (Johnson, 2002). Shaded residues are strongly conserved within the superfamily. The lightly shaded C-terminal segment of helix E denotes the structure as
observed in gd-resolvase/DNA complexes.recombinases Cre and Flp, which have served as DNA engineer-
ing workhorses for many years (Branda and Dymecki, 2004).
Unlike the simple YR enzymes, however, recombination by the
serine integrases is strongly directional. Only attB and attP sites
will undergo recombination; the resulting attL and attR sites are
inactive in the absence of a phage-encoded factor required for
excision, and no other pairing of sites (e.g., attB 3 attB) will
lead to recombinant products (Ghosh et al., 2005; Thorpe
et al., 2000). These properties have led to the emergence of1276 Structure 16, 1275–1286, August 6, 2008 ª2008 Elsevier Ltd Aa new class of genome engineering tools capable of efficient
site-specific integration into eukaryotic genomes. Many of the
serine integrases have been demonstrated to function in human
cell lines and have already been used in various applications in
eukaryotic cells (Groth et al., 2004; Keravala et al., 2006; Thoma-
son et al., 2001).
Progress in developing a mechanistic understanding of serine
integrase site-specific recombination has been limited by a lack
of structural data. The sequence similarity in catalytic domainsll rights reserved
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at the level of strand exchange, the two subfamilies should share
a common mechanism. However, the catalytic domains vary
from 10%–30% amino acid sequence identity with gd-resolvase
based on multiple sequence alignments, leaving open the possi-
bility that some aspects of the reaction could differ. Control of
directionality, for example, is clearly different in the two subfam-
ilies. For Tn3 and gd-resolvases, recombination only occurs
when res sites are oriented head-to-tail in a supercoiled sub-
strate. Synapsis of res sites occurs within a synaptosome of
resolvase dimers bound at res sites II and III, which facilitates
recombination between dimers bound to site I (Grindley et al.,
2006). For the serine integrases, the large C-terminal domains
are thought to control which sites will recombine by facilitating
a synapsis-competent conformation when binding to the appro-
priate att sequences (Ghosh et al., 2005; Thorpe et al., 2000).
In both cases, formation of a productive interface between cat-
alytic domain dimers bound to the recombining sites appears
to be crucial for initiation of recombination.
As part of an overall effort to develop a structural framework
for understanding serine integrase site-specific recombination,
we have determined the crystal structure and solution properties
of the catalytic domain from bacteriophage TP901-1 integrase
(referred to herein as TP901 integrase). The structure reveals
a symmetric tetramer of integrase subunits that resembles the
tetrameric structures formed by activated gd-resolvase mutants.
However, differences in quaternary structure suggest that the
TP901 integrase tetramer represents a unique step in the reac-
tion pathway. Although the integrase catalytic domain crystal-
lizes as a tetramer, sedimentation equilibrium ultracentrifugation
indicates that a dimer is the prevalent oligomer in solution. Small-
angle X-ray scattering indicates that in solution, the TP901
integrase catalytic domain resembles the gd-resolvase dimer
(Yang and Steitz, 1995) in overall shape, and that modest confor-
mational changes occur during formation of the tetramer.
Together, these new data provide an important start toward
building structural models of the serine integrases as well as
insights into the mechanism of site-specific recombination in
the serine recombinase superfamily.
RESULTS
Structure of the TP901 Integrase Catalytic Domain
After examining catalytic domains from several serine inte-
grases, we identified a construct including residues 1–135 from
the bacteriophage TP901 integrase (Breuner et al., 2001) that
yielded diffraction quality crystals. The structure was determined
at 2.7 A˚ usingmultiwavelength anomalous diffraction (MAD) data
from platinum and bromine derivatives. The MAD-phased elec-
tron density map was readily interpretable, and the resulting
model was refined to 2.1 A˚ with R and Rfree values of 0.198
and 0.263, respectively. Crystallographic data and the results
of phasing and refinement are summarized in Table 1, and repre-
sentative electron density is shown in Figures 2A and 2B. The
asymmetric unit contains a dimer of integrase subunits related
by a noncrystallographic symmetry (NCS) dyad. The local sym-
metry is nearly exact, with a root-mean-square (rms) deviation
of 0.5 A˚ for all Ca atoms, except that a loop region (residues
14–19) connecting b1 and aA is disordered in one of the subunits.Structure 16, 127The catalytic domain consists of a five-stranded b sheet sur-
rounded by five a helices (Figures 1C and 2C). As anticipated
from the sequence similarity, this ab fold is also observed in
the gd resolvase catalytic domain (Sanderson et al., 1990). There
are, however, a number of interesting differences at the level
of tertiary structure. The two domains are superimposed in
Figure 2D. The most conspicuous differences are the increased
sizes and alternate conformations of the loops flanking the active
site of the enzyme. Although these changes do not appear to im-
pact the positioning of conserved active site residues, the loops
are ideally positioned to interact with the major groove of the
DNA substrate, based on comparison with structures of gd-re-
solvase mutants bound to cleaved DNA half-sites (Kamtekar
et al., 2006; Li et al., 2005). The corresponding smaller resolvase
loops do not make substantial interactions with the DNA in the
currently available structural models. A second difference
between integrase and resolvase domains is the alternative
trajectory of helix E. This is the largest variable when comparing
the TP901 integrase catalytic domain to that of gd-resolvase in
the various crystal forms that have been reported. The flexibility
of the hinge preceding helix E is thought to be the linchpin gov-
erning the structural transitions between intermediates in the
resolvase reaction (Kamtekar et al., 2006), and this difference
is therefore not surprising.
The integrase active site is located in a pocket formed by con-
served residues from the end of b1 (Arg10, Ser12) and a short
helical connector between b3 and helix D (Lys79, Asp81,
Arg82, Arg85) (Figure 2C). These residues are conserved among
the serine integrases and the resolvase/invertase enzymes
(Figure 1C). With the exception of Ser12, the catalytic nucleo-
phile, the specific catalytic roles of these residues has yet to
be determined for the serine recombinases. Asp81 appears to
aid in positioning Arg82 in TP901 integrase and in gd-resolvase
(Yang and Steitz, 1995). This residue is serine (Ser92) in the bac-
teriophage fC31 integrase, but an aspartic acid residue is pres-
ent two positions earlier in the sequence (Figure 1C). The local
backbone conformation observed in the TP901 integrase
structure suggests that fC31 Asp90 could make a similar inter-
action with the conserved arginine, but the acidic side chain
would be several angstroms further removed from the active
site in this case. This suggests that the conserved aspartic
acid residue corresponding to TP901 Asp81 plays a conserved
role in active site structural organization, rather than a direct
role in catalysis.
Integrase Tetramer
The TP901 integrase catalytic domain crystallizes as a D2-sym-
metric tetramer with a crystallographic dyad relating two
integrase dimers (Figures 3A and 3B). The tetramer buries
6670 A˚2 of solvent-accessible surface area, with an average of
1670 A˚2 per subunit. A four-helix bundle composed of helix E
from each subunit forms the core of the tetramer and is respon-
sible for most of the intersubunit contacts. The overall structure
and helical packing arrangement in the integrase tetramer are
related to those observed in the structures of two activated
gd-resolvase mutants bound covalently to symmetrized res site
I half-sites (Kamtekar et al., 2006; Li et al., 2005). Three orthog-
onal views of the TP901 integrase tetramer are shown in
Figure S1 available online.5–1286, August 6, 2008 ª2008 Elsevier Ltd All rights reserved 1277
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Serine Integrase TetramerTable 1. Crystallographic Data and Results
Native K2Pt(CN)4 (Two Sites)
Wavelength (A˚) 1.0093 1.0722 (peak) 1.0726 (inflection) 1.0540 (remote)
Resolution (A˚) 2.1 2.7
Completeness (%) 96 (78) 99 (98) 99 (98) 99 (97)
Rmerge 0.056 (0.44) 0.062 (0.38) 0.067 (0.34) 0.076 (0.38)
Avg I/s 37 (1.7) 30 (3.3) 34 (3.8) 29 (3.1)
Redundancy 8.1 (5.1) 8.9 (8.1) 8.9 (8.0) 8.8 (7.9)
Unique reflections 23,563 11,308 11,313 11,309
NaBr (Two Sites)
Wavelength (A˚) 0.9200 (peak) 0.9203 (inflection) 0.9099 (remote)
Resolution (A˚) 2.7
Completeness (%) 99 (99) 99 (99) 99 (99)
Rmerge 0.069 (0.40) 0.067 (0.38) 0.067 (0.40)
Avg I/s 33 (4.6) 34 (4.9) 33 (4.6)
Redundancy 9.4 (9.7) 9.3 (9.5) 9.1 (9.3)
Unique reflections 11,556 11,548 11,526
MAD Phasing (SOLVE/RESOLVE)
Z score 53.2
Resolution (A˚) 2.7
Overall FOM 0.57
Refinement
Rwork 0.198 (0.291)
Rfree 0.263 (0.333)
Number of atoms
Protein 2148
Solvent 200
Average B factors (A˚2) 64.1
Rmsd
Bond lengths (A˚) 0.011
Bond angles () 1.212
Rfree was calculated with 5% of the data. Numbers in parentheses represent values in the highest-resolution shell.The observation of an integrase tetramer in the crystal was not
anticipated because the serine integrases are thought to exist as
dimers in solution. For example, both the fC31 and the Bxb1 in-
tegrases are dimers based on size-exclusion chromatography
(SEC) elution profiles (Ghosh et al., 2005; Thorpe et al., 2000).
These enzymes also bind to att sites as dimers, leading to
a model where synapsis occurs between two dimer-bound att
sites rather than a model where an integrase tetramer bound to
one site captures the second site (Ghosh et al., 2005). Although
SEC experiments also indicated that the TP901 integrase cata-
lytic domain exists as a stable dimer in solution (data not shown),
we decided to investigate the oligomeric state further using sed-
imentation equilibrium ultracentrifugation. As shown in Table 2,
the radius of gyration (Rg) of the globular integrase tetramer is
only slightly larger than themost elongated integrase dimer, rais-
ing the concern that SEC may not readily distinguish between
the two models.
As shown in Figure 4A and Figure S2, sedimentation equilib-
rium analysis indicates that the TP901 integrase catalytic domain
is a stable dimer in solution, with no evidence for significant
tetramer formation. We were able to obtain good global fits for1278 Structure 16, 1275–1286, August 6, 2008 ª2008 Elsevier Ltd Aa single-species dimer model using radial distributions from
three concentrations of integrase in the 14–56 mM range and
three rotor speeds. Centrifugation experiments performed under
the same buffer conditions used for crystallization yielded the
same results, indicating that the tetramer observed in the crystal
is not promoted by the presence of divalent ions (Figure 4B).
Presumably, the high protein concentration present during crys-
tallization favored formation of the tetrameric complex observed
in the crystal. In the context of the full-length integrase dimer, it
seems likely that binding to the appropriate DNA att sites
changes the relative free energies of the dimer and tetramer in
favor of the tetrameric synaptic complex. These experiments
were conducted with the TP901 integrase catalytic domain,
not the full-length protein. Although we have been able to pro-
duce small amounts of the full-length integrase, low solubility
has so far precluded analysis by ultracentrifugation.
One might expect that the dimer that predominates in solution
should be related to one of the three unique dimers in the inte-
grase tetramer. Here, we refer to these dimers as I–II, I–III, and
I–IV, following the subunit labels used in Figure 3. The solvent-
accessible surface area buried by these interfaces is similar forll rights reserved
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Serine Integrase Tetramerthe I–II and I–IV dimers, but is much smaller for the I–III dimer
(Table 2). The I–II and I–IV dimers and their respective interfaces
are illustrated in Figure 5. The I–II dimer resembles the gd-resol-
vase dimer structure in overall shape and relative disposition of
the catalytic serine residues, but the helical crossing angles
differ. The E helices cross with a90 angle in the I–II dimer ver-
sus 40 for the resolvase dimer as seen bound to site I DNA
(Yang and Steitz, 1995). As shown in the dimer superposition
in Figure 6, the resolvase dimer has a somewhat more compact
shape primarily as a result of this smaller crossing angle. As dis-
cussed later, the helix-E crossing angle observed in the integrase
I–II dimer is much more similar to the corresponding dimer in
activated gd-resolvase-DNA tetramer structure (Li et al., 2005),
as illustrated in Figures 3C and 3D.
The integrase I–II dimer interface is formed almost exclusively
by the crossing of helix E in the two subunits. A hydrophobic core
is formed by Phe122, Ile125, and Ile129, and an unusual
carboxyl-carboxylate hydrogen bonding interaction is formed
between Glu133 side chains that are near the dyad axis
(Figure 5A). Glu133 is the only conserved residue in the E helix
across the serine recombinases (Figure 1C), suggesting that it
plays a key role in the recombination process. Mutations at the
corresponding Glu118 in gd-resolvase have been shown to be
defective in recombination (Hatfull et al., 1987).
The TP901 integrase I–IV dimer interface involves inter-
actions between three different secondary structure elements
(Figure 5B). Helices A from the two subunits form an antiparallel
interaction involving residues Tyr33 and Met37 at the periphery
of the tetramer. At the center of the tetramer, side chains from
b5 interact with one another and give the appearance of a contin-
uous 10-stranded b sheet formed between the two subunits. The
third contact point involves the base of helix E, where Met118
and Phe122 form a small hydrophobic core. Although the I–IV
Figure 2. Structure of the Bacteriophage
TP901 Integrase Catalytic Domain
(A) Experimental electron density at 2.7 A˚ corre-
sponding to helix E. (B) Weighted 2Fo-Fc electron
density following refinement at 2.1 A˚. Both (A)
and (B) are contoured at 1.5s above the mean
density, where s is the root mean square devia-
tion. (C) Domain structure of TP901 integrase.
Secondary structure labels correspond to those
defined in Figure 1C. The catalytic serine residue
is drawn as a red sphere, marking the location
of the active site. (D) Stereo Ca superposition of
the TP901 integrase catalytic domain (green) and
the gd-resolvase catalytic domain (gray). The
resolvase domain used is from an uncleaved
dimer/DNA complex, PDB code 1GDT (Yang and
Steitz, 1995).
dimer has multiple contact regions, the
buried solvent-accessible surface area is
about 300 A˚2 less than observed in the
I–II dimer. We also compared the two
dimer interfaces with respect to shape
complementarity, a geometric measure
of the specificity of the matched surfaces
(Lawrence and Colman, 1993). The I–II di-
mer has a shape complementarity (SC) index of 0.76, typical of
highly specific interfaces. In contrast, the I–IV interface has an
SC index of 0.52, which is indicative of a flatter, more featureless
pair of matching surfaces. The larger buried surface area and
higher SC index suggest that the I–II dimer is the more likely of
the two structures to exist in solution and that the I–IV interface
may be formed at a later stage in recombination.
To test the hypothesis that the I–II dimer represents the solu-
tion species, we purified three TP901 integrase catalytic domain
mutants and analyzed their oligomeric states using sedimenta-
tion equilibrium ultracentrifugation (Figure 4B). Ile125 and
Ile129 form the core of the hydrophobic interface that exists in
the I–II dimer, but would be entirely solvent exposed in the I–IV
dimer (Figure 5). For both residues, mutation to aspartic acid dis-
rupted the dimer interface, resulting in a monomeric catalytic
domain. When the corresponding residues in gd-resolvase
(Ile110 and Val114) were substituted with arginine, both point
mutants also behaved as monomers, whereas the wild-type
protein is a dimer (Hughes et al., 1993).
We also substituted Phe132 with aspartic acid. This residue
does not participate in the interface between E helices in either
the I–II or I–IV dimers, but does make van der Waals contact
with the opposing subunit in the I–II interface. The integrase
F132D mutant retains the ability to form dimers in solution, indi-
cating that the observed contacts are not required for stable
dimer formation. Together, the data support a model in which
the solution dimer most closely resembles the I–II dimer
observed in the crystal structure tetramer.
Low-Resolution Solution Structure
A central theme relating catalytic domain structure to function
in the resolvase/invertase enzymes is the subunit interface re-
modeling proposed to occur during the recombination processStructure 16, 1275–1286, August 6, 2008 ª2008 Elsevier Ltd All rights reserved 1279
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Serine Integrase Tetramer(Li et al., 2005). The four-helix bundle present in the tetramer core
is the primary site of conformational changes, where interhelical
packing angles are thought to change during the transitions from
precleavage dimer to cleaved intermediate undergoing subunit
rotation (Figure 1B). To further understand the relationship be-
tween the dimer that exists in solution and the tetramer observed
in the crystal structure, we analyzed the TP901 integrase
catalytic domain in solution using small-angle X-ray scattering
(SAXS).
The results of SAXS analysis are summarized in Figure 7 and
Table 2. The experimental radius of gyration (Rg) and maximum
interatomic distance (Dmax) values for the solution dimer most
closely match the values predicted for the I–II dimer observed
in the tetramer crystal structure. The interatomic distance distri-
bution function P(r) calculated from the experimental scattering
data has a characteristic shoulder, indicating an elongated
structure with two separated globular domains (Figure 7B).
This too ismost consistent with the integrase I–II dimer structure,
which has an elongated shape and two subdomains separated
by the crossed E helices. As expected, the P(r) function calcu-
lated from the I–II dimer coordinates has a similar shape, but
there are some interesting differences. In the I–II dimer distribu-
tion, the maximum is shifted to a distance 5 A˚ shorter and the
shape of the shoulder at 40 A˚ is more pronounced. These
differences suggest that some conformational changes do
occur within the TP901 integrase catalytic domain dimer during
tetramer formation.
We also calculated ab initio low-resolution molecular enve-
lopes from the SAXS data. Without imposing any symmetry con-
Figure 3. Comparison of TP901 and Acti-
vated gd-Resolvase Catalytic Domain Tet-
ramers
(A and B) Orthogonal views of the TP901 integrase
tetramer. Subunits are labeled I–IV as discussed in
the text and the catalytic serine residues (Ser12)
are drawn as red spheres. (C and D) Orthogonal
views of the gd-resolvase tetramer, as seen in
the crystal structure of an activated resolvase
mutant covalently bound to DNA half-sites (Protein
Data Bank code 1ZR4; Li et al., 2005). The tetra-
mer orientations are based on a superposition of
E helices with the TP901 tetramer in (A) and (B).
Subunit rotation has been proposed to occur
about the flat interface separating the top and
bottom halves of the tetramer shown in (C), as
indicated.
straints, the envelope resulting from aver-
aging several independent simulations
resembled an elongated dumbbell-
shaped molecule with approximate two-
fold symmetry. The integrase I–II dimer
structure can be readily docked into this
low-resolution envelope (Figure 7C), but
the I–IV dimer and the tetramer fit the
envelope less well (Figure S3). We also
asked whether the corresponding region
of the gd-resolvase dimer (Yang and
Steitz, 1995) would fit the low-resolution
envelope. Because of the more compact shape of the resolvase
dimer (Figure 6 and Table 2), the fit closely resembles that
obtained for the integrase I–IV dimer.
DISCUSSION
Most structural data for the serine recombinases come from
crystal structures of gd-resolvase in various unliganded and
DNA-bound forms (Li et al., 2005; Rice and Steitz, 1994; Sander-
son et al., 1990; Yang and Steitz, 1995). The most revealing in
terms of the mechanism of strand exchange are structures of
activated resolvase mutants covalently bound to idealized DNA
half-sites (Kamtekar et al., 2006; Li et al., 2005). The catalytic
domains in these structures form the core of a tetrameric pro-
tein-DNA assembly with approximate D2 symmetry, where the
tetramer interface is formed primarily from interactions between
E helices. These structures have provided compelling evidence
for a subunit rotation model for recombination in which two pro-
tein-DNA dimers rotate with respect to one another about a flat
protein-protein interface. The structure of an unliganded cata-
lytic domain from one of these activated mutants is also a tetra-
mer with a flat interface, but its overall structure is asymmetric,
with two pairs of domains adopting different configurations
(Kamtekar et al., 2006).
The structure of the TP901 integrase catalytic domain de-
scribed here also forms a tetramer whose interface is largely me-
diated by helix E. In fact, the TP901 helix-E bundle superimposes
reasonably well on the corresponding helices of the activated
gd-resolvase apo-tetramer (Figure 8) and strongly resembles1280 Structure 16, 1275–1286, August 6, 2008 ª2008 Elsevier Ltd All rights reserved
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Serine Integrase TetramerTable 2. Structural Features of TP901 Integrase Catalytic Domain
Model Rg (A˚) Dmax (A˚)
Spherical
Rg
a (A˚)
Surface Area
Buriedb (A˚2)
Shape
Complementarity
Ser12-Ser12
Distancec (A˚)
I–II dimer 23.4 74 16 1640 0.76 38
I–IV dimer 20.4 68 16 1300 0.52 50
I–III dimer 25.0 86 16 628 0.71 65
Tetramer 25.9 86 20 6670
gd-Resolvase dimer
(Yang and Steitz, 1995)
20.7 69
SAXS 24.32 ± 0.03 75 ± 5
aSpherical Rg is the radius of gyration for a spherical protein with the same composition.
b Surface area buried is for the entire oligomeric unit.
c Distance between catalytic serine hydroxyl groups.that observed in the covalent gd-resolvase DNA tetramer (Fig-
ure 3). A comparison with these resolvase structures provides
useful insight into how the TP901 integrase tetramer might fit
into a serine recombinase mechanistic framework.
The TP901 integrase tetramer and the DNA-bound resolvase
tetramer are compared in Figure 3. Although the core helix-E
bundle is similar in the two structures, the organization of the cat-
alytic subdomains (that part of the domain that precedes helix E)
in the integrase tetramer differs dramatically from that observed
in the resolvase-DNA tetramer. The integrase subdomains con-Structure 16, 127tribute to formation of the I–IV and II–III interfaces in the tetramer
(see Figure 5B), resulting in an extensive protein-protein inter-
face between the top and bottom halves of Figure 3A. This inter-
face buries5400 A˚2 of solvent-accessible surface, with a shape
complementarity index of 0.69. In the resolvase-DNA tetramer,
the corresponding catalytic subdomains are rotated 90
away from the positions observed in the integrase tetramer, re-
sulting in a protein interface that is formed primarily of helix-E
interactions (top versus bottom halves of Figure 3C). This flatter,
more featureless interface buries1450 A˚2 of solvent accessibleFigure 4. Oligomeric State of the TP901 Integrase Catalytic Domain
(A) Sedimentation equilibrium analytical ultracentrifugation analysis. The catalytic domain was centrifuged at three concentrations and three rotor speeds. Global
fits to the nine resulting radial absorption curves indicate an integrase dimer. The fits (top) and residuals (bottom) for three such curves are shown. Fits for all nine
curves are given in Fig. S2.
(B) Sedimentation equilibrium analysis of integrase mutants. Samples were centrifuged at three rotor speeds and could be fit well to either single species dimer
(wild-type and F132D) or single-species monomer (I125D and I129D) models. Wild-type integrase was also analyzed in buffer containing 200 mMMg(OAc)2. Lin-
earized plots at a single rotor speed (30,000 rpm) and 56 mM concentration are shown.5–1286, August 6, 2008 ª2008 Elsevier Ltd All rights reserved 1281
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Serine Integrase Tetramersurface and, as expected, has a low shape complementarity
index of 0.43. Whereas the resolvase-DNA tetramer forms an
interface that could support low-barrier rotation of the subunits
about a vertical axis as viewed in Figure 3C (Li et al., 2005), the
integrase tetramer does not (Figure 3A). It therefore seems
reasonable to assume that the overall quaternary structure
observed in the TP901 integrase catalytic domain tetramer is
more closely related to a different intermediate on the reaction
pathway. The catalytic serine residues are too far apart for the in-
tegrase tetramer to represent the subunit arrangements in either
a synaptic complex poised for cleavage or a postcleavage inter-
mediate poised for ligation, based on the expected distance
(20 A˚) between scissile phosphates in the DNA substrate
(Figure 3 and Table 2). This is also true of the resolvase-DNA
tetramer, where the 30-hydroxyl groups of the DNA half-sites
are too far from the active sites for the structure to precisely
represent an intermediate about to undergo ligation (Kamtekar
et al., 2006; Li et al., 2005).
A comparison of the TP901 integrase tetramer with the apo-re-
solvase tetramer (Kamtekar et al., 2006) reveals a higher level of
similarity in subunit organization, but with only half of the struc-
ture. The integrase and apo-resolvase tetramers are superim-
posed in Figure 8. The apo-resolvase tetramer is asymmetric
where two of the subunits (chains A and B) adopt conformations
similar to those observed in the TP901 integrase tetramer, and
the other two (chains C and D) adopt conformations that more
closely resemble the resolvase-DNA tetramer (Kamtekar et al.,
2006). As noted previously, the helix-E bundles superimpose
reasonably well in this comparison. The structural variability
among subunits in these structures is primarily due to differ-
ences in conformation in the loop preceding helix E, which gives
rise to alternative catalytic subdomain configurations with
Figure 5. Dimer Interfaces within the Integrase Tetramer
(A) The I–II dimer interface, composed primarily of interactions between helix E. A carboxyl-carboxylate pair formed by strictly conserved Glu133 is enlarged.
(B) The I–IV dimer interface, formed by interactions between the base of helix E, helix A, and b5. Each of these three regions is enlarged. Themiddle enlarged panel
also illustrates the site of cysteine crosslinking in Hin recombinase S94Cmutants (corresponding to TP901 integrase Ser111). Subunits are colored as in Figure 3.
Figure 6. Superposition of the TP901 Inte-
grase I–IIDimeronto thegd-ResolvaseDimer
(A and B) The least-squares superposition is
based on conserved secondary structure ele-
ments in both subunits, as defined in Figure 1C.
The integrase I–II dimer is colored as in Figure 3
and the resolvase dimer is gray. Whereas the indi-
vidual subunits superimpose reasonably well
(Figure 2D), differences in helix-E crossing angle
and helix-E trajectory relative to the catalytic sub-
domain give rise to a distinct overall quaternary
structure in the dimer. Two orthogonal views are
shown for each superposition. The resolvase
dimer used is from a complex with a symmetrized
site I DNA duplex (Protein Data Bank code 1GDT;
Yang and Steitz, 1995).1282 Structure 16, 1275–1286, August 6, 2008 ª2008 Elsevier Ltd All rights reserved
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Serine Integrase Tetramerrespect to a common helical core structure. The variable nature
of this hinge region among the known resolvase structures and
its likely role in mediating the transition between recombination
intermediates has been noted (Kamtekar et al., 2006). The
TP901 integrase tetramer described here provides evidence in
support of the importance of this structural element.
Several of the activating mutations enabling the resolvase
enzymes to gain activity on linear substrates containing only
res site I (Burke et al., 2004) correspond to the wild-type residues
in TP901 integrase. An important cluster of mutations covers
residues 96–105 in gd-resolvase (111–120 in TP901 integrase),
which corresponds to the helix-E hinge region and the first resi-
dues of helix E. One such set of activating mutations involved
substitutions of resolvase residues 96–105 with the correspond-
ing residues from Hin recombinase (Kamtekar et al., 2006). The
first nine of these amino acids are identical in TP901 and Hin.
The serine residue at position 116 in TP901 appears to be partic-
ularly important. In the TP901 integrase structure, this residue
caps the N terminus of helix E. Among the serine recombinases
aligned in Figure 1C, the side chains of each residue in this
Figure 7. Small-Angle X-ray Scattering Analysis of TP901 Integrase Catalytic Domain
(A) Experimental SAXS data analyzed by GNOM (Svergun, 1992) and computed scattering curve based on ab initio models calculated using DAMMIN (Svergun,
1999). Inset is a Guinier plot in the low Q range QRg% 1.24 region.
(B) Normalized length distribution P(r) functions calculated for the integrase I–II and I–IV dimers and the tetramer, compared to the P(r) function derived from the
scattering data shown in (A).
(C) Orthogonal views of the integrase I–II dimer docked into an ab initio averaged molecular envelope calculated by DAMMIN and DAMAVER (Volkov and Sver-
gun, 2003). Representative DAMMIN models from individual runs, along with docking of the I–IV dimer and the tetramer, are provided in Figure S3. Error bars
correspond to the standard error from three independent experiments.
Figure 8. Superposition of the TP901 Inte-
grase Catalytic Domain Tetramer onto an
Activated gd-Resolvase Apo-Tetramer
Integrase subunits are colored and labeled as in
Figure 3. Resolvase subunits are colored gray
and labeled A–D (in parentheses) as defined in
PDB entry 2GM5 (Kamtekar et al., 2006). The
least-squares superposition is based on con-
served secondary structure elements (as defined
in Figure 1C) in integrase subunits I and III (green
and purple) and resolvase subunits A and B. Two
orthogonal views are shown for each superposi-
tion. The A and B subunits of the apo-resolvase
tetramer adopt a structure similar to that seen in
TP901 integrase. In contrast, the C and D subunits
are different.Structure 16, 1275–1286, August 6, 2008 ª2008 Elsevier Ltd All rights reserved 1283
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Serine Integrase Tetramerposition are capable of playing a similar structural role, with the
exception of Tn3 and gd-resolvase, which have glycine in this
position.
The comparison between tetramers shown in Figures 3 and 8
also invites a discussion of how the TP901 integrase structure
might fit into a general serine recombinase reaction pathway.
We have provided evidence that the I–II and III–IV dimers in
the integrase tetramer are closely related to the solution dimer
structure, and therefore to the form of the integrase that binds
to att site DNA. We can therefore consider what type of subunit
rotation would be required to exchange strands between att
sites bound to these dimers. For example, attB and attP sites
could be initially bound by integrase dimers and then associate
to form a synaptic complex whose catalytic core resembles
that shown in Figures 3A and 3B. In this hypothetical scenario,
attB could be bound by subunits I and II, and attP could be
bound by subunits III and IV. Strand exchange between att
sites would then require that subunits I and III rotate relative
to subunits II and IV after the sites have been cleaved. A com-
parison with the resolvase-DNA tetramer views in Figures 3C
and 3D shows that this would correspond nicely to rotation
about the flat interface observed in the resolvase-DNA te-
tramer. It seems clear, however, that significant changes in
quaternary structure must occur in the integrase tetramer for
a resolvase-like interface to form. This would make sense if
we view the integrase tetramer as more closely resembling
a pair of synapsed dimers, where the rotation interface has
not yet formed.
Comparisons to activated gd-resolvase crystal structures
strongly suggest that the TP901 integrase tetramer described
here may represent a mechanistically relevant subunit organiza-
tion. Additional support for this notion comes from the ability of
the structure to explain cysteine crosslinking experiments per-
formed in the gd-resolvase, Tn3-resolvase, andHin recombinase
systems. For example, oxidation of the resolvase V114C mutant
results in disulfide crosslinking that leaves the protein competent
for DNA cleavage but unable to undergo strand exchange (Li
et al., 2005). In the TP901 integrase structures, this residue
(Ile129) is located at the core of the four helix-E bundle, where
its g carbons make van der Waals contact with a distance of
3.5 A˚ (Figure 5A). Some mutants, such as gd-resolvase
M106C, lock the enzyme into an inactive state upon disulfide
formation (Hughes et al., 1993). The minimum Cg-Cg distance
between corresponding Leu121 residues in the TP901 integrase
structure is 8 A˚.
The most interesting crosslinking comparison involves the Hin
recombinase S94C and S99C mutants, both of which require
synapsis for efficient crosslinking (Dhar et al., 2004). The cross-
linked complexes are competent to cleave DNA, but unlike the
wild-type protein, they persist as stable tetramers during electro-
phoresis even in the absence of DNA cleavage. The Hin S94C
mutant forms direct disulfide crosslinks, whereas the S99C
mutant requires a bridging crosslinker (Dhar et al., 2004). The
corresponding residues in TP901 integrase are Ser111 and
Ser116, respectively. The Ser111 g-hydroxyl groups in subunits
I and IV (and subunits II and III) are separated by 5 A˚ in the
TP901 tetramer structure (see Figure 5C). A simple change in
side-chain dihedral angle brings these hydroxyl groups to within
3 A˚, with good local stereochemistry. Similarly, the Ser1161284 Structure 16, 1275–1286, August 6, 2008 ª2008 Elsevier Ltd Ahydroxyl groups in subunits I and IV are separated by 10 A˚ in
the TP901 tetramer, a distance consistent with the requirement
for a bifunctional crosslinker. These crosslinks could not be ex-
plained by the activated gd-resolvase-DNA complexes, suggest-
ing that the TP901 integrase tetramer described here represents
a unique intermediate on the site-specific recombination path-
way. The Ser111 and Ser116 crosslinks correspond to linkages
across the synaptic interface that would be formed upon associ-
ation of att sites bound by I–II and III–IV dimers, as discussed
previously.
Although the Hin S94C and S99C crosslinking results could
not be explained by the resolvase-DNA tetramer structure, the
distances between Gly96 (corresponding to Ser94 in Hin) in the
activated apo-resolvase tetramer are much closer, with residues
in the B-C subunit interface making the closest approach. Here,
the Ca-Ca distance is 6.8 A˚, andmodeling a serine residue in this
position indicates a minimum distance between hydroxyl groups
of4.5 A˚. Given that the B and C subunits in this structure adopt
radically different configurations (Figure 8), it appears that the
shorter Gly96-Gly96 distance is primarily due to the A and B sub-
unit conformations (which resemble those seen in TP901 inte-
grase) and not to the conformations of the subunits with which
they would form crosslinks.
There is clearly a long way to go toward establishing a struc-
tural framework for understanding the novel aspects of the serine
integrases as well as for understanding those aspects that are
likely to be shared by their smaller resolvase/invertase cousins.
In particular, the nature of the C-terminal domains, the basis
for specific recognition of att site sequences, the mechanism
of selectivity at the level of synapsis, and the role, if any, that
the C-terminal domains play in regulating catalysis are important
goals in the structural arena. The tetrameric catalytic domain
structure described here represents an important first step in
that direction.
EXPERIMENTAL PROCEDURES
Expression and Purification
The TP901 integrase catalytic domain (residues 1–135) was fused to a C-ter-
minal Mxe intein (New England Biolabs, Ipswich, MA) containing chitin binding
and hexahistidine tags and expressed in BL21(DE3) cells at 18C overnight.
Following purification on Ni-NTA (QIAGEN, Valencia, CA) and chitin (New
England Biolabs) resins, the catalytic domain was cleaved from the intein by
addition of 50 mM 2-mercaptoethanol and overnight incubation at 20C.
Purified proteins were concentrated and stored in 10 mM TrisHCl, 50 mM
NaCl (pH 8.0).
Structure Determination
Crystals of the TP901 integrase catalytic domain were grown at 21C by hang-
ing drop vapor diffusion using 0.1M sodium cacodylate (pH 6.0), 8% (w:v) PEG
8000, 10% glycerol, and 0.2 M Mg(OAc)2. Tetragonal crystals in space group
P41212 grew to amaximum size of 0.53 0.53 0.8mmafter 1week. After equil-
ibration over wells containing 0.1 M sodium cacodylate (pH 6.0), 8% (w:v) PEG
8000, 25% glycerol, and 0.2 MMg(OAc)2 for 24–48 hr, crystals were flash-fro-
zen and stored in liquid nitrogen. A platinum derivative was obtained by soak-
ing crystals in the presence of 1 mM K2Pt(CN)4 for 24 hr. A bromine derivative
was obtained by adding 2 ml 0.1 M sodium cacodylate (pH 6.0), 8% (w:v) PEG
8000, 25% glycerol, 0.2 M Mg(OAc)2, and 0.5 M NaBr to crystals for 15 s
before flash freezing.
Diffraction data were measured at the Advanced Light Source beam line
8.2.1 and processed with the HKL2000 suite (Otwinowski and Minor, 1997).
Initial phasing to 2.7 A˚ was performed using SOLVE/RESOLVE (Terwilligerll rights reserved
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Serine Integrase Tetramerand Berendzen, 1999), combining platinum and bromine multiwavelength
data. The solvent-flattened electron density maps were of high quality and
the protein chains were readily traceable. Iterative model building in COOT
(Emsley and Cowtan, 2004) and rounds of refinement with REFMAC (Murshu-
dov et al., 1997)without noncrystallographic symmetry restraints yielded a final
refined model at 2.1 A˚ with Rwork = 0.198 and Rfree = 0.263. The final model
includes integrase residues 3–135 for chain A and residues 3–13 and 20–135
for chain B. Ninety-four percent of residues lie in the most favored region of
a Ramachandran plot, and the remaining 6% are in additional allowed regions.
Structure illustrations and electron density maps were prepared with PYMOL
(Delano, 2002). Coordinates for the refined model have been deposited in the
Protein Data Bank with accession code 3BVP.
Sedimentation Equilibrium
Sedimentation equilibrium ultracentrifugation experiments were performed
at 20C with an XL-A analytical ultracentrifuge (Beckman, Fullerton, CA)
and a TiAn60 rotor with six-channel charcoal-filled epon centerpieces and
quartz windows. Radial absorption scan data at 280 nm for three integrase
concentrations (14, 28, and 56 mM) were measured at 16 hr and 18 hr for
each speed (28000, 30000, and 32000 rpm) and comparison of radial absorp-
tion scans verified that equilibrium had been reached. Centrifugation was
performed in 10 mM TrisHCl, 50 mM NaCl (pH 8.0), with and without
200 mM Mg(OAc)2. Data were analyzed using SEDFIT and SEDPHAT (Vistica
et al., 2004), and for both buffer conditions and wild-type integrase a single-
species dimer model resulted in the smallest goodness of fit, with low and
randomly distributed residual errors. Mutant integrases were compared to
wild-type integrase by centrifugation at 30,000 rpm and plotting ln(absorb-
ance) versus (r-r0)
2. In all cases, the plots were linear, indicating a single spe-
cies (monomer or dimer).
Small-Angle X-Ray Scattering
Small-angle X-ray scattering (SAXS) experiments were performed at the Cor-
nell High Energy Synchrotron Source (CHESS) beamline G1 at room tempera-
ture using a sample-to-detector distance of 76.5 cm and wavelength 1.5345 A˚
(8.08 keV), which produced an accessible Q range from 0.012 to 0.35 A˚1.
Integrase catalytic domain was analyzed at 410 and 820 mM in 10 mM TrisHCl,
50 mM NaCl (pH 8.0). Only the higher integrase concentration gave signal
above background at Q > 0.2 A˚1. Two-dimensional scattering data were cor-
rected for buffer scattering, CCD dark current, and detector nonuniformity,
and were integrated by Data Squeeze 2.07 (P. Heiney, Data Squeeze 2.07,
University of Pennsylvania, 2006), yielding a one-dimensional intensity profile
as a function of scattering vector length Q. Data were remeasured from the
same samples and compared to establish that the scattering curves were
not affected by radiation damage. The radius of gyration Rg, maximum dimen-
sion Dmax, and length distribution function P(r) were evaluated by the program
GNOM (Svergun, 1992). Rg was also calculated from a Guinier plot in the
QRg % 1.24 region. CRYSOL (Svergun et al., 1995) was used to evaluate Rg
and Dmax values for dimer and tetramer models from the crystal structure.
Predicted scattering curves were generated and then analyzed by GNOM.
Low-resolution ab initio molecular envelopes were generated using DAMMIN
(Svergun, 1999) without any symmetry constraints for 10 iterations of runs. In-
dividual dummy-atom models fit well with the scattering data with c2 ranging
from 1.26 to 1.33. These models were aligned and averaged to build the most
likely model with the DAMAVER set of programs (Volkov and Svergun, 2003).
Structural models were docked into the averaged low-resolution molecular
envelope using the program SUPCOMB (Kozin and Svergun, 2001).
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